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B physics at the Fexmilab Tevatron after the year 2000 

J.N. Butler * 
Fcrmr twnnnai Accekroror krbomrorv Bolavw. ilirnocr. USA 

The requuemcnts for second-generatIon B expenmenls at hadron colliders are discussed. The prospects for mounting 
such an expenment at rhe FermIlab Tevauon Collider a~ reviewed. Early results from a design study which is intended to 
produce an opumum detector for the Tevatron are pnzsenred. 

1. Introduction 

B-physics expenmcnts which have hopes of achieving 
enough sensitivity to observe and srudy CP violation and 
the Elated topic of B, mixing are being constructed at sev- 
eral locations: at new asymmemc energy e-e- colliders at 
SLAC [ 11 and KEK [ 2) ; at the existing symmetric energy 
e-e- collider (31, CESR, ar Cornell: at a novel fixed tar- 
get experiment using the proton beam halo at HERA. the 
HERA-B experiment [ 41; and in pp experimenrs using up- 
graded versions of the two “general purpOse”detecton, CDF 
[ 5 ] and DO [ 61, at the Fermilab Tevauon. This may mrly 
he charactetked as a “wOrJd-wide” &on. 

In this paper, we explore the prospects for a “second gen- 
eration” B-physics experiment at the Fermikb Tevauon af- 
ur the year 2000. We begin by reviewing the capabilities 
expected in the “first genemtion” experiments mentioned 
above; we then state what we believe are the requirements 
for a “second generation” expcrimcnc we describe the evo- 
lution of the Fermilab Collider into the early years of the 
next milknium - including its luminosity and bunch spac- 
ing and its scientific program options; nut we describe the 
goals and activities of the B-Physics Design group at Fer- 
miW we present some eariy results on the sensitivity for 
sin 2a obkned from simulation of both central and forward 
detectots; and finally we describe the future activities and 
goals of the design effort. 

2. Prospects tar the first generation cxpetimts; 
requircmenb for second generation experiments 

B physics probes a significant fraction of the CKM ma- 
n-ix and offers a large variety of possible measurements, 
including B lifetimes. charmless B decays. B”-l?J mixing, 
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CP-vioiatmg asymmemes. B,-E& nuxmg and rare (FCNC) 
decays. B-physics tests rhe Standard Model expunauon of 
CP violation. While people tend to foEus on a few asym 
meties which have relatively clean theoretical explanatiOns 
and expenmental signatures. there is a rich variety of posai- 
ble asymmetries including indirect CP violation in the neu- 
tral mesons and direct CP violation in mesons and batyons. 
charged and uncharged. Most imporrantly, we should nOt 
lose sight of the fact that we are hoping 10 obsetve new 
physics which is not consistent with the Standud ModeL 

The first round of experiments that hope UJ achkve scn- 
sidvity at the expected level of CP violation will begin in 
the next few yean and accumulate significant data by the 
year 2000. As an indication of what these expclimmp can 
accomplish, we show in Table 1 the sensitivity for sin2B 
and sin20 prcdkted for the BaBar experiment at SLAC 
[1].TheBELLEexpetimentatKEKhassimti~- 
ity The HEW-B experiment expects to achieve a sett~itiv- 
ity 6( sin 28) of 0.19 per year of running, assuming L m 
duction cross section of 6 nb. CDF and DO. runntng at the 
Tevatmn after the Main Injector Upgrade. hope to achieve 
comparable sensitivity. 

While these experiments have an excellent Oppormniy t0 
ohserve CP violation and begin its study, many of us be- 
lieve that these experimmts will not answer nil Of thC =I- 
evant questions. The e*e- machines will simply rtttt out 
of produced B’s, unless some major new brerktiughr in 

Tabk I 
Pmdicied vrmuv,ty fa CKM mgks f.x &Bar per Sno~nn~ ye= 

MO& Tar@ 6( sin 2d) 
- 

*Kg I106 0.098 

ILK’ 307 0.19 

il -t- 346 0.20 

77-n-9 1162 0.1 I 



machine lummosny can De achievea. I-he expenmenrs. as 
plannea. are alrcaay highly erlicient. Tne hadron colliders. 
on the other hana. are mcreasmg their lummoslty and the first 
generanon oi detectors are limlted m many ways. Sign& 
cant improvements in sensitivity can therefore be obtained. 

Hadron colliders nave large cross secnons for the full range 
of particles contammg a-quarrs: B”. B=. B,. B,. and Aa‘s. 
They therefore provide an excellent opponumty for a broad 
range of very high sensluvlty studies of B-physics. includ- 
mg mlxrng and CP vloiaclon. Manv of us believe char there 
should be a second generation of CP violation expenments 
at hadmn colliders whose goals are to greatly exceed the 
capabilities of the first generation expenments. 

We are consldermg the orospects for such an expenment 
at the Fermilab Tevatron. The requuemenrs for such an ex- 
penmenr are: 

- It must constitute a slgniticant improvement in sensitiv- 
ity and scooe over the hrsr oeneranon exoenments: and 

- I1 musl De tlmelv ana Eomoermve wn resoect to any 

follow+3n expenments to first-generation etiorts ana with 
respect to the proposed LHC-B expenment at the LHC [ 71. 

3. Evolution of the Fermilab Tevatron Collider and its 

Program 

Table 2 shows the evolution of the lummosity and bunch 
spacing of the Fermilab Collider beginning in I993 and pro- 
jected to the year 2004 and beyond. While the luminosity 
goals are now set. the bunch spacing for RUN III is still be- 
ing evaluated by the machine cxpmts who hope to be able 
10 reduce it further. While there is optimism that some re- 
duction can be achieved. there are significant problems still 
10 be Eolvcd. 

The machine will continue to run at a center of mass 
energy of 2 TeV during this period. 

It is masonably certain that B cxpenments will not be able 
to use the full luminosity of the Tevatron In RUN III. Be- 
cause these experiments need precision verux reconsuuc- 
tion, tracking eiemcnu need to be placed very close to the 
intezaction region. These elements then must deal with high 
o~cupney and with severe radiation environments. Equally 
imponrn4 the expetimenrt must uigger againsr very large 

backgrounds of uninteresting events and requite time to 
make the selection at the appropriate level. Most of us k- 
lievc that these second-generation B-cxpcnments will not be 

Tabk 2 
Lummowy evolurlon of the Tenuon Collide 

l-me pcnod 

RUN I (1992-1996) 

RUN II ( 1998-2002) 

RUN 111 (2004+) 

Lummowy Bunch rprrng 
(cm: s1-’ (Ml 

25 XlOj’ 3SOO 

2.0 x IO22 3%- 132 

1.0 x 1033 132 lor less) 

able to run mucn aoove I or 2 x 1 (I?2 without limiting their 
scope. 5mce me aoility of the detectors and their triggers to 
deal w~rh muruple interactions per crossmg is not well un- 
derstood but believed co be quite limited, bunch spacing is 
an important considetatton. 

Run I WIII end in the late winter of 1996. By the end of 
2002. the so-called RL’N II will be over. Collider RUN III 
IS expected to begin around the year 2004. 

Fermllab expects to continue to have only two inumction 
regions capaoie of supporrmg 1-e detectors. One of these 
regions will almost certainly have a detector optimized for 
high-A or hizh-mass physics. It is not clear whether this 
will be buiit on the foundation of one of the two existing 
detectors or whetner it will be essentially a completely new 
detector. 

The optlons for the other collision region a~: 
- A second high-A detector. 
- .A detector aedicated to and optimized for B-physics: 

: i I bulit on the founaanon oi one of the existing detectors: 
or 

i ii) a completely new detector. 
- Some other detector addressing other physics - such as a 
full acceptance detecror. 

Recent recommendations by the Fermilab Program Ad- 
visory Committee seem to favor a dedicated B detector of 
an as yet unspecified kind. About 18 months ago. Fe&lab 
called for expressions of interest for experimmtr for Cal- 

lidcr Run III. A group of physicists, of which I atn a mctn- 
bcr, submitted an expression of interest (so-c&d WI-21 
[ 81 to conduct a detailed design study for a &diatai B dc- 
uctor at the Tevattun. One year ago, the Iab Set up UI OQa- 
nization to provide resources to dcvelap a sitn~ltion Pack- 
age to aid in the design of the detector and to plwidt a tooI 
for the lab management to use to make independcntevrlu- 
ations of various proposed experimenU U Fedhb and to 

cornparr them with experiments that will be NUliDg in the 
same time frame. The software simulation Package, known 
as MCFAST (91, is now well along in its W-4 The 
remainder of this paper describes some of the results which 
have been obtained from the investigations Urociued with 
the study by the EOI-2 group using MCFAST. 

4. Rwnt simulation results 

Consideration of future B-physics experimmtr at Femti- 
lab must stan from the recognition that the two existing 
detectors. CDF and DO, do have significant uplbilitw for 
studying B physics and have hopes of improving those CaPa- 
bilities in future upgrades. Any detector that WOU~I displace 
one of them must demonstrate significantly higher scnsitiv- 
ity. In designing a detector for B physics at a hdron coi- 
lidcr. one is faced with the fact that the evcrtLI M dbnibutcd 
over a very wide range in rapidity and ~xzIWCW mOmm- 
turn and the characteristics of the part&~ which must be 
detected vary dramatically as a function of rap* and Pr. 



r\ 
F:g. I. J A v (or B-mcwn v\ n 01 B-meson. 

Fig. 1 shows the p x y of the B-mesons as a function of ra- 
pidity. It is clear that the momentum of the B. the momenta 
of the decay products, the sepatation of the production and 
B-decay vertices, and the importance of multiple scattering 
on venexing and tracking arc all very strong functions of 
the kinematics. Since B production is rather spread out. it 
is posstble fo define a variety of detectors that have good 
acceptance to a reasonable fraction of the B production - 
some which emphasize acceptance in the forward direction 
and some which emphasize the central region. The real is- 
sue is which detector has the optimum sensitivity - which 
must be achieved by optimizing the efficiency and accep- 
tance against the ability to reject rather large backgrounds. 

To decide which geometry is best and what the final sen- 
sitivity is likely to be, one needs a systematic way to com- 
pa.m the physics reach of various derector geomcmes: centtal 
soltnotdal type detectors 1 such as CDF. IX CMS ( IO]. and 
ATLAS [ I I ] ), forward collider detectors ( such as LHC-B 
and COBEX) ( 7 1. a central dipole such as proposed for 
BCD ( 121 and which is under study by the EOI-2 group. 
and various combinations such as a solenoid with (a) for- 
ward dipole(s). 

MCFAST gives us a tool to do these comparisons. It is 
fast so we can simulate and analyze enough background 
events to prove that the required. very large background re- 
jections are achievable. It is flexible enough to handle the 
various geometries. It provides a reasonably accurate model 
of the tracking system so issues like acceptance. momentum 
and mass resolution. secondary vertex resolution. flavor tag- 
ging. and triggering can all be studied. Muon detection and 
electromagnetic calotimevy have been mcorporated. Parti- 
cle identification needs still to be included. The program IS 
interfaced to most popular event generators. The geometry 
is specified ustnp a simple ASCII file. Particles are traced 
through detectors and are smeared to account for resolution 

Ind muitlpie scattennz. Decays In flight, y conversions.and 
multlpie mreractmns per crossmg are ail included. Tracking 
of chqed parttc~es IS done usmg a Kalman filter technique. 

3.1. Comparisons 01. central and forward detectors 

We have been dotng detailed studies of the sensitivity of 

a model cenual detector ana a model forward detector for 
the decay B” - 7-j;-. 

The central detector covers a tapidity range (9) < IS. 
For this detector. the average ( accepted) transverse B decay 
distance IS ~50 pm and the 3-dimensional decay distance 
is z I .3 mm. The vertex resolution for the twepion decay 
mode is ry = mV = 60 pm and along the beam. cr - 120 

w 
The forward detector covers a raptdity range I.5 < 7) < 

15. For rhts detecror. the average (accepted) ttansverse B 
decay cnstance IS ~300 pm and the 3dimensional decay 
illstance IS a few mm. The vertex resolution for the two- 
peon decay moae IS Us = cV = 7 pm and along the beam 

dircctton, (T: = 90 pm. 
The goal of this parocular simulation study is to provide a 

credible estimate of the sensttivity of the meuumncntof the 
CKh4 parameter sin 2~. The sensitivity is usually described 
by a formula like: 

S(sin2aj a 
I 

(\/c,,Gw&rt.wDbrlrdNm - . 

(1) 

Hm, Drrmp, -(I-2w),wherewisthefra&mofwmng 
sign tags from all sources including away-side mixing, 
charm cascade, decay in flight. and hadron puadt!bmugh; 
Dw comes from relating the measured w to 
the ampfirnde of the CP modulation. For thI8 state, us- 
ing a time-integrated analysis, Dw - 0.47; ud & - 

\/signal events/total events is the reduction in the “ef- 
fective” number of signal events due to the prcaasce of 
background. 

For this analysis, after a ~-7;~ state in the Vicinity ofthe 
B” mass which makes a good two track vertex it found. the 
background rejection is obtained by fit&e? useOf wrlex in- 
formation. Sources of background include pcSr of puticlcs 
from the primary veRu( which have the B immhnt mass. 
particles from two different B or charm vmiccr with the 
right maSs and which appear to verticize away from the pti- 
maty vetux. parncies from one B and the primly which 
have approximately the right mass and which appurto ver- 
ticize away from the primary. 

The requirements that one can use to reject these back- 
grounds and isolate a clean signal are: 

- Vertex detachment: require Liar, whm L is the sep- 
aration of the pnmary and candidarc mr vmcX and rrr is 
its uncertainty, to be greater than some cuL typiaily about 
8. This requirement rejects mosr combinatoric background 
from the primary. 
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- B pointback: rcqutrc the B reconstructed from the two 
pions to point back to the primaty vertex wnhin a few sw- 
dard deviations of the pointback resolution. This provides 
excellent rejection power agatnst parttcles coming from dif- 
ferent B decay vernces. 

- Daughters don’t point back: require the two daughter 
pions to be inconsistrnt (individually) with the hypothesis 
that they came ftom the primary vertex (or perhaps even 
other secondary vertices) by at least a couple of standard 
deviations of the individual particle pointback resolution. 

It has been found that the background is dominated by 
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events that contain two B’s where one track is chosen horn 
each B. Since there arc of order Id times aa many of these 
events as them arc events that truly contain a B” + ~+rr-. 
the rcqui.rcmtnu on background rejection am acvete and 
each cut’s eficiency and rejection must be camfngy under- 
stood and included in the sensitivity cakultion. 

Fig. 2 shows the L/aL for the fonvani and oam8l dctec- 
tar. Fig. 3 shows the pointback accuracy of the an&late B 
10 the primary vertex; and Fig. 4 shows the pointback accu- 
my for the daughter particles with respect to the primuy 
VUUX. 

We have used MCFAST to catry out a prciimiwy sort- 
sitivity analysis for sin2a using a Monte cprb aampk of 
4oooO “signal” eventa genctated with a B” dsryittg to 
T-V- and 300000 *‘background”evenu each with two B’s 
decaying to all decay modes with OUT beat Lncnvkdgo of the 
bnnching fractiona. 

Fig. 5 shows the signal and baokgtound for lcccpcd and 
rccotumIcmdcventsfortheforwaKl&mctof..Rcallt4ht 
all the hisuqmu for the background, the bin PoplhQar 
neaitokmultiplicdby 104tocotmottigmnodtMpler 
to the ted-world ratio of the signal and baokm ~~CWS. 
Fig. 6 shows the same plot for the central dctecra. Fdly, 
Figs. 7 and 8 show the effect of all the CuU, including the 
pointback and non-pointback cuts described above. 

The following observations am in order: 
- The central gcometty starts off with a higher total yield 

when only acceptance is considered. At this point, back- 
ground wouid totally swamp the signat: 

- As cuts are piled on to PXIUCC Ihe b~kpund. the 

central geometry loses evenu mom rapidly until. when all 
the cuts are applied, the event yield is more than twice as 
large for the forward geometry; 
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.Icknowledgements - In many cases, tne sensntvre to small changes In the 
curs is greater for the centrar detector so n IS expectea that the 
predictions for the centml geomev are less robust agamsr 
“cut opttmlsm” than for the forward geometry: 

- Detailed investigation shows mar the roie of muittple 
scattenng is crucial in unaerstandmg differences In the em- 
ctenctes and rejecttons of the vertex cuts: 

- While the piots oi the background look clean when all 
cuts are apphed. one neeas to rememoer that the bm popuia- 
Cons need to be munrphed bv 10’. It is clear that the statts- 
tics on the background are too low: we are therefore gener- 
ating a much larger sample of backgrouna events IO correct 
this. Ic is aiready clear that these cuts result in a sqx+to- 
background roughly of I i. This derimtely neeas to be 
taken mto account m estimatmz me sensttwtv to sm 2a. 

- ‘The anaiysls shown nere is not compieie. It neglects 
panicle rdenttficatlon wnlch IS neeaed to remove the decays 
B” - K-F- ana B, - K-K’ from the sgnai. It also 
compietely neglects tnggenng ana I[ neolects davor taqgq. 
which IS necessw ror the oaservatton oi CP vioiarlon m 
this state. A prelimnnq study of tagging usurp away-stde 
muons. one of several taggtng stmteg~cs. tndicates a further 
loss of sensitivity of the central detector wnh respect to the 
forward detector. 

A very preliminary attempt to calculate the sensttivity to 
sin 2~ using a muon tag only and unoptlmized cuts gives a 

result of 0.17 for the uncenainty in sin 2a for the forward 
geometry with one year of running at a luminosity of I@‘. A 

signal-to-background of I : I is used. The effect of wrong- 
sign muon tags are included. We expect other tagging suate- 
gies to improve the uncertainty to less than 0.1 per year. We 
have also begun to simulate a “dipole” geometry which has 
a factor of two better acceptance and is expected to improve 
the result to 0.05-0.07 per year. 

5. Futurephns 

The study is now being extended to other states. such as 
B’ - &K, and DK states. The study will refine and conclude 
us maul survey of geometries in the next year. Major areas 
of mverlrgation will be mggering, tagging suategies. and 
paruck identification. We will, as part of the task, calculate 
the unrtiivity of the upgraded CDF and DO and of LHC-B. 
If the oulcome of the study shows that a competitive second 
crnemtton experiment can be camed out at the Tevauon. 
!hc :rX~up wail seek Fermtlab’s encouragement to submtt a 
Icttcr of Intent. 

I would like to tnank Patricia McBride and Michael Fro- 
cane wno ootarnea most of the results presented in this 
paper. I would like to thank Sheldon Stone for many use- 
ful discusstons and the whole Fermrlab B Study Group for 
theu many conmbuttons. This arncle was written at and the 
work supponed by the Fermi National Accelerator L&o- 
ratory. which IS operated by Universities Research Associ- 
ation. Inc.. unaer contact DE-AC02-76CH03000 with the 
L.S. Department of Energy. 
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